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Abstract 

We propose an a priori definition of maximal CP violation. 

Our definition Is that maximal CP violation occurs when a unique 

convention-independent imaginary parameter t is maximized. This 

parameter t is a quartlc function of the KobayashiG4askawa (KM) 

matrix V. When t vanishes, CP is conserved. The maximum value, 

tmax = 26, is mucher greater than the experimental upper limit, 

t ohs 5 3 x 10-4. Thus the observed CP violation Is much less 

than maximal. For t = tmax, the KM matrix corresponds to maximum 

mixing of the quark generations, just as maximal parity vtolatlon 

corresponds to maximum nixing of the vector and axial-vector 

interactions. 

Parity violation was discovered in 1957. Soon after, sev- 

era1 authors suggested that parity might be violated "maxi- 

mally". "Maximal" parity violation means that the vector and 

axial vector currents occur with equal normalizations and-equal 

coupling constants In the fundamental Lagranglan of weak lnterac- 

tions. This suggestion proved to be correct. It is incorporated 

in the standard model by the fact that only the left-handed cur- 

rent couples to the V boson. 

This success led to the sugqestion that Cp violation, dis- 

covered in 1964, might also he maximal. In the Kobayashi-Maskawa 

(KM) framework,(') CP violation is associated with imaginary 

parts of elements of the KM matrix V. Xaxlmal CP violation mlqht 

then correspond to some element, or some term In some element of 

V being pure iaa~inary, or, in other words, to a term having a 
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phase of * ;. Several authors have considered this point of 

view.c2) 

The situation for this notion of maximal CP violation 

differs, however, from that for maximal parity violation. Since 

a left-handed spinor field remains left-handed under chiral 

transformations, the latter Is an Invariant concept. The former 

notion is not invariant, since the phases of elements of V can be 

changed by changing the phases of the quark fields. Physical 

states In Hllbert space are rays; thus observables must remain 

unchanged under such rephaslng of quark fields. Roes, and Gronau 

and Schechter tried to avoid this difficulty by finding a para- 

metrization (the Murnaghan construction (3)) I n which a certain 

sum of phases, the "Invariant" phase, remains Invariant under 

most (the similarity transformations) rephasings of the quark 

fields. IJnfortunately, whether or not present data allows the 

invariant phase to be f n/2 depends not only on the convention of 

adopting the Murnaghan construction, but, in addition, on.= fur- 

ther convention, the order In which the matrices in the Murnaghan 

construction are multiplied. Thus the statement that the invar- 

iant phase is * n/2 is not convention independent. 

l)ne could adopt, as an alternate definition of naxlmal CP 

violation, that choice of V which maximizes CP violation in a 

specific process, for example the choice of V which maximizes 

EK Or EB 
cl 

(the E parameter in the K"-ii;' system, where K" is di, 

or in the B"-Ro d d system, where 8' is d;. Such a definition is 

process-dependent, and is not analogous to the universal defini- 

tion of maximal parity vlolatlon. 
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We record the widely-held view that whether or not CP viola- 

tion is maximal can only be decided when one knows the funda- 

mental origin of CP violation. We share the view that the KM 

framework is not a fundamental theory of CP violation; rather the 

KM framework provides a description of CP violation. Nonetheless 

an a priori definition of maximal CP violation at the KM level 

may be useful. 

A definition of maximal CP violation shoulrl be convention- 

independent and universal, i.e., process-independent. ‘Je propose 

such a definition which uses a single parameter, t, defined 

below. When t vanishes, C? is conserved in all processes. When 

t attains Its maximum value (allowing an arbitrary three-genera- 

tion KM matrix V) CP Is violated maximally. We find below that 

present data shows that Cp-violation is much less than maximal. 

To give our definition of maximal CP violation, we must 

first review the convention-independent formulation of CP viola- 

tion and of weak interactions generally.(4) The convention inde- 

pendent functions of V which occur in weak lnteractlon rates are 

IVij/2. Not all N2 of these (for the case of N generations) are 

independent. The 2N-1 independent conditions from the diagonal 

elements of the unitarity equations VtV = 1 and VVt = 1 reduce 

the number of independent quadratic parameters to 

(N-1)'. These can he chosen to he 

Tia = TrVtAiVha, I a , = 3,8,15,... u2-1. 

This is a complete set of convention-independent functions of 

V. Although these parameters are all real, they may implicitly 
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require CP vlolatlon. Nonetheless, we would like to find en 

lnaginary parameter which explicitly requires CP violation. 

For this purpose, we consider quartlc functions of V. In 

the three-generation case. CP violation can be parametrized In 

terms of the nine convention-indeoendent complex quantities 

Ala = v jaVkY 'j;'k; i,j,k and a,a,y cyclic. 

One can equally well use the convention-independent quantities 

,iajB = TrVtXiVhaVthjVhe .i,a,jtP = 3,8,15,... Y2-1 

for N generations. These obey Tiaje = Tjpia and Tiaje* 3 Tjaigs 

For three generations, there are 10 of these, namely T3333, 

T3338, T3383, T3388, T3883, T3838 , T8383, Taa38, ~8883, and 

Tuaaam All 0f these are real, except T33aR* = T3a83. Thus there 

are ten parameters, nine real and one imaginary, associated vlth 

these quartic T's. For three generations, the relation between 

the A's and the traces Is A la = TrV+A VA VtAkVA 
j B Y' 

l,j,k and 

a, B,Y cyclic, where the h's are projection operators in genera- 

tion space; for example, A2 = diag (0 1 0). The nrojection oper- 

ators are sums of the diagonal matrices (5). Using this rela- 

tion, we showed that all the A's have the ss"~e lmaglnary part, 

t 2 ImA = &- Im T 3388 = 2 
c1c2c3sIs2s~s~, 

usina the KM parametrization. Thus there are also ten parameters, 

nine real and one Imaginary, associated with the A's. The con- 

vention-independent parameter t controls all CP violation in the 

KY framework. When t vanishes, CP is conserved in all pro- 
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cesses. (6) 

We propose using t as the parameter which characterizes 

maximal CP violation. We define maximal CP violation to occur 

when t assumes its maximum value, gtven any K?l matrix V. This 

definition of maximal CP violation is universal, and, like the 

usual definition of maximal parity violation, it is an a priori 

definition, independent of the experimental situation. Experi- 

mental information is not used to formulate this definition of 

maximal Cp violation, but rather to determine whether or not 

maxtnal CP violation is realized in nature. 

We now calculate the maximum value of t and the form of V at 

the maximum. Since t is convention-indeoendent, we can use any 

parametrization of V to calculate its maximum value. Usfnr: the 

KU paraaetrization, we find 

t = 
2 

c1c2c3s1s2s3sb~ 

The maximum value of t occurs at c1=1/J3, c2=1/J2, c3=1//2, 

sb=l . The value is 

t =/ibf3. max 

This value is much less than the observed upper limit 

t -4 
ohs < 3x10 . 

Thus the observed Cp violation is ~UC'I less than maxiqal. The KY 

matrix for the maximal case is 

V fax = l/f7 (i if2 ii2) , where x = e2ni'3. 
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This matrix, which was discussed by Wolfe"stei"(') in the context 

of a model with three neutrinos, corresponds to maximum mixing of 

the d quark weak eigenstates in terms of the mass eiqenstates. 

Thus maximum mixing of the quark generations corresponds to maxf- 

ma1 CP violatio". We find this result of our a priori criterion 

for maximal CP violation satisfying: maximum mixing of the quark 

generations is a"aloqo"s for CP violation to maximum mixing of v 

and A for parity violation. 

It remains to assess the significance of models such as that 

of Gronau and Schechter. Our view is that such models are inter- 

esting, but that they should not be called models with maximal CP 

violation. There is no convention-independent separation between 

the mixing angles and the phase in the KM matrix V. Whether or 

not a phase is *x/2 depends on the conventions used to 

parametrize V, therefore the fact that the phase can have such a 

value in some parametrization does not have physical 

significance. 

Finally, we emphasize that the fact that present data on 

weak interaction rates constrain bill so severely that the 

observed CP-violation parameter cK can only be fit with the CP- 

violsting phase set to its maximum value l x/2 should he regarded 

as showing that the KM model with three generations is on the 

edge of being ruled out by experiment, rather than being regarded 

as evidence for "maximal" CP violation. 
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